. Glt25d2 mouse line expresses Cre in VG neurons, their peripheral afferents and their primary projections to vestibular nucleus and vestibular cerebellum. (A) Schematic of the vestibular cerebellar circuit. Primary afferent neuron somata in the VG have peripheral afferent dendrites that end in calyces, boutons, or both (dimorphic) recieving input from type I and/or type II hair cells in one of five vestibular end organs. Their axons project into the vestibular nuclei inclduing medial vestibular nucleus (MV) and into the vestibular lobes of cerebellum. MV neurons integrate input from multiple primary afferents carrying information from multiple end organs, in addition to inputs from other parts of the brain. MV neurons provide secondary mossy fiber input to the vestibular cerebellum. (B) Left-Sagittal section of Glt25d2::tdTomato brain showing mossy fibers projecting into lobe X and ventral lobe IX. Note that the medial vestibular nucleus (MV) is innervated by primary fibers but that the local neurons do not express tdTomato (no labeled somata), indicating that the labeled mossy fibers are not secondary vestibular afferents from this nucleus. Right-Magnification of lobe X showing tdTomato+ primary afferents. (C) Left-Coronal section showing tdTomato+ fibers (black). Note auditory nerve fibers in dorsal cochlear nucleus (DCN) and trigeminal nerve fibers in spinal trigeminal nucleus (SpV). Nucleus prepositus hypoglossi (NpH), which is known to project to lobe X, has no Cre-dependent retro-AAV was injected into lobe X of Glt25d2 mice to label the primary afferents with GFP to identify their dendritic endings in the vestibular organs. In this figure all of the images are from the same animal. (B) At the injection site labeled axons are apparent. GFP-black. (C) Somata in the VG were infected and expressed GFP. None colocalized with calretinin, a marker for vestibular primary afferents with pure-calyx endings. (D) Retrolabeled dimorphic calyx endings in the crista of the vertical canal. GFP-black. Below-Boxed region above expanded-Examples of retrolabeled (left-black, right-green) dimorphic calyces, a single retrolabeled bouton-only arbor (arrowhead) and calretinin+ pure calyces (magenta). Note that some hair cells also express calretinin in mice. (E) Retrolabeled dimorphic calyx endings in the crista of the anterior canal. Below-Boxed region above expanded-note the clearly dimorphic calyces having a flask shape with narrow top. Calretinin-expressing pure-calyx afferents (magenta) have a wider top and no bouton endings. The central region of the cristae only rarely had retrolabeled afferents and they were never pure-calyx. (F) Retrolabeled dimorphic calyx endings in the crista of the horizontal canal. Below-Boxed region above expanded. (G) The peripheral area of the utricle had few labeled afferents. Calretinin (magenta) was used to determine the extent of the utricular macula and to identify the striola (dashed outline). (H) Retrolabeled dimorphic calyces were found in the sacculus having many calyces and boutons per afferent fiber. See also Figure 3-figure supplement 1. Additional UBCs that were filled with biocytin and recovered with an innervating primary afferent expressing ChR2-EYFP. Left-Biocytin filled UBC-magenta, EYFP/ChR2 labeled primary afferent-green. Maximum intensity projection. Center-3D rendering. Right-UBC showing contact with mossy fiber (white). UBC in middle row is also shown in Figure 7A and Figure 8E . DOI: https://doi.org/10.7554/eLife.44964.008 Surface areas were calculated following the procedures used for biocytin filled cells. The mean surface area was 56.61 ± 1.68 mm2, n = 18,~1% greater than the expected surface area (56.21 mm 2 ) given the mean diameter of 4.23 mm provided by the supplier. The volume was calculated to be 37. The contact areas between recovered primary afferents and UBC brushes was smaller than those of secondary mossy fibers (t-test, p=0.0003, n = 17) . (D) The surface area of the UBC brushes that received primary afferents were smaller than those of secondary mossy fiber-receiving UBCs (ttest, p=0.009, n = 18). The volume of the UBC brushes that received primary afferents were also larger than those of secondary mossy fiber-receiving UBCs (t-test, p=0.014, n = 18), not shown. (E) The volume of the somas of UBCs that received primary afferents were smaller than those of secondary mossy fiber-receiving UBCs (t-test, p=0.035, n = 15). DOI: https://doi.org/10.7554/eLife.44964.017 and SR-95531 (5 mM) and the delayed slower IPSC was blocked by LY341495 (1 mM). Biocytin cell fill revealed that this UBC received input to the soma and to the shaft of its dendritic brush. This mGluR2 mediated IPSC was seen in 4 UBCs that received primary afferent input. The slow IPSC amplitude for primary afferent receiving UBCs was 5.43 ± 2.89 pA (mean ± SD), n = 4. (E) This UBC had a response that appeared to be a combination of dendritic and somatic synapses due to the fast EPSC at stimulus onset and buildup of inward current during the train, respectively. Below-Recovery of the cell and the input mossy fiber revealed that this was indeed possible, because the primary vestibular afferent made contact with both the soma and the dendritic brush. This is the cell shown in Figure 7A . Right-Boxed region expanded-Shank1 antibody staining (white) was seen on the periphery of the soma directly opposed to the primary afferent. (F) Slow EPSC evoked by 50 Hz train of either low intensity electrical synaptic stimulation (0.4 V, black) or ChR2 stimulation (blue). The similarity between responses suggests that the same input is being stimulated and the transmitter release is comparable between stimulation methods. Below-the same UBC with two levels of electrical synaptic stimulation. The observation that a stronger electrical stimulation evokes a typical ON UBC response suggests that this cell may have received multiple inputs. DOI: https://doi.org/10.7554/eLife.44964.018 ‹ ‹ Figure 9 . Summary of results. Vestibular ganglion (VG) neurons having dimorphic peripheral endings that receive input from Type I and II hair cells project their primary afferents directly to ON UBCs in lobe X of cerebellum, and do not target OFF UBCs. These primary afferents also project to granule cells as well as inhibitory interneurons (Golgi cells) that provide feed-forward inhibition to ON UBCs (not shown). This direct projection to cerebellum may coordinate ensembles of granule cell activities in a 'labeled line' representing acceleration or velocity of the head in a single direction. Secondary mossy fibers arising from neurons in the medial vestibular nucleus (MV) project to both OFF and ON UBCs. MV neurons receive input from calretinin-expressing (CR+) VG neurons that make pure-calyx dendritic endings around Type I hair cells, in addition to dimorphic primary afferents. The signals carried by secondary afferents are integrated across vestibular end organs and processed by the local MV circuit. Thus, distinct anatomical pathways that vary in the convergence of inputs, level of processing and axon morphology target distinct UBC classes to transform specific sensory signals. DOI: https://doi.org/10.7554/eLife.44964.019
